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expectation that bubbles rather than voids may exist in many fusion reactor 
structural materials. (7»8) Furthermore, the synergistic effects of helium and 
displacement damage have been predicted to have a significant influence on the 
microstructural evolution. (9,10) The object of this section is to examine 


only the effects of helium in HIBALL on the dimensional stability of the HT-9 


structure. 
VIII.4.2 Helium Migration Mechanisms 


The migration mechanisms of helium in metals are not well understood. 
Speculations for these mechanisms include substitutional, interstitial, mutual 
(interstitial + substitutional) diffusion, momentum transfer, diffusion by di- 
vacancies and various combinations of the mechanisms. It is not the intent of 
the present section to discuss the details and supportng evidence of all of 
these mechanisms. However, selected theoretica? and experimental evidence for 
helium migration by a trapping-detrapping mechanism are briefly discussed. 

An interstitial migration mechanism was inferred from computer calcu- 
lations of minimum energy lattice configurations for a variety of atomic jumps 
by helium atoms, vacancies, and self-interstitials in face-centered cubic 
metals. (11) There is strong evidence that helium has a low value for the 
activation energy for interstitial diffusion and a high interstitial formation 
energy. 12), Smidt and Pieper(13) found for stainless steel assuming 25 ppm 
He, a migration energy of 2.3 eV for the helium atom to reach a bubble. The 
value is close to the self-diffusion energy of nickel, 2.8 to 2.9 eV. This is 

consistent with the motion of helium as a substitutional atom to form bubbles. 

The model considered in the present study is substantiated by experiments 
and explains helium migration(12-14) reasonably well. Helium forms in an 
interstitial position and moves rapidly as an interstitial until it encounters 


a vacancy, void, or other helium trap, or is lost to the surface. The gas 
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atom moves to a vacancy and its jump distance is best represented by the 
distance between available vacancies. The time spent in a vacancy or other 
trap is large compared with the time the gas atoms spend in an interstitial 
position. The trap sites fill rapidly because they offer a large sink to 
diffusing gas atoms. Following this model, Reed (12) gave the following diffu- 


sion coefficient 
D 
exp [-Eyo/KT) (VIII.4-1) 


where vo is the frequency factor for the detrapping of helium, A is the jump 
distance, and E is approximately the detrapping energy of helium in ferritic 


steel. 


VIII.4.3 A Simplified Theory for Helium Swelling 





VIII.4.3.1 Assumptions and Equations 





Ideally, one would like to formulate a theory in which all possible atom- 
istic interactions are accounted for. However, there are two major difficul- 
ties with such a notion. The detailed description of the atomistic processes 
can be computationally burdensome, (15,16) with a very limited chance of corre- 
lating to experiments. On the other hand, basic material parameters such as 
binding and migration energies of defect complexes are not very well deter- 
mined. In view of these difficulties, theorists have attempted to envoke con- 
venient approximations. The validity of such approximations can only be 
tested by detailed and careful correlations with experiments. In this section 
we develop a simplified conceptual rate theory in which many complicating 
features have been neglected. Only those details that are believed to play 
dominant roles are retained. A qualitative description of the present model 


is given below. 
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Helium is assumed to migrate by an interstitial mechanism in between 
vacancy traps. There is no distinction in the theory between interstitial and 
substitutional helium. Once two helium atoms collide, they form a di-helium 
gas atom cluster for which vacancies are readily available. Because of the 
possibilities of thermal dissociation and radiatio.ı re-solution, this cluster 
is unstable. Once a tri-helium gas atom cluster is formed, it can attract few 
more vacancies and form the critical nucleus size for small gas-filled cavi- 
ties. Nucleation is therefore dictated by the behavior of gas atoms rather 
than by vacancies. It has been recently discussed by Meyer et al. 07) that 
experimental evidence supports this assumption. The nucleation rate of cavi- 
ties is the rate at which they cross this boundary in size space. The density 
of cavities will therefore increase as the density of single and di-helium 
species increase. After a certain irradiation time, it becomes more probable 
for single helium to collide with larger size cavities than with the small 
nuclei. Thus a gradual shift from the nucleation stage to the growth stage is 
achieved. The large size cavities are assumed to start growing from the 
nucleus site at only one average speed. The size distribution is therefore 
approximated by a delta function and by keeping track of vacancy, interstitial 
and helium atom flows in and out of the average cavity, we can determine its 
size and nature (void or bubble) at any time. Since interstitial loops nucle- 
ate rapidly during irradiation(!5+16) their number density is assumed to be 
constant and they are only at a state of growth. 

Such a simplified description is obviously not complete but it wil! pro- 
vide an order-of-magnitude comparison with the experiment. The roles of 
vacancy loops, divacancies, precipitates, dislocation dynamics, cavity mi- 
gration and coal essence, and matrix chemical changes in complex alloys are 


all neglected. Under these restrictive assumptions, the following rate 
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equations describe swelling under conditions of simultaneous helium gas and 


displacement damage production. 
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where the concentrations are expressed in atoms per atom (apa) and the radii 
are in meters. Some of the terms in the above equations are defined in Table 
VIII.4-] and the numerical values used in the present calculations are in- 
cluded in Table VIII.4-2 (ref. 20). The first three equations describe the 
concentrations of single gas atoms, diatomic clusters and triatomic clusters. 
The fourth equation describes the total cavity number density. 

The vacancy and interstitial concentrations are represented by two 
coupled rate equations. The last three equations describe the gas atom 
concentration in a cavity, the average radius of the cavity, and the average 
interstitial loop radius. (18) 


The quantities Kpn are defined as follows: 


z QD 

_ mn 
Knn T af 
0 





ne (VIII.4-11) 


where z.. is the combinatorial number, à is the atomic volume, ào is the 


mn 
lattice parameters, and Dye is the helium diffusion coefficient given by Eq. 


VIII. 4-1. 
The thermal dissociation parameter for di-gas atom clusters (19) is 
B 
D E 
(2) = -5 exp (- S) (VIII.4-12) 
a 
0 
where - is the di-helium binding energy. 


The elastic energy of a dislocation loop of radius Rig is given by (31) 
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ez ^ (T - v, + 5.) md 


F 








where w is the shear modulus, v is the Poisson's ratio, and b; is Burger's 
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vector. 


Details of the 


in reference 20. 


Table VIII.4 





Term/Process 








P 


dÉ C 


dÉ L 


Ki ¿Cel 


He '2He 


He "3He ' 


4He 


SIS ue 


3C ate 


b,4C 


ane? 


Ly iPdDy ,iCv, i 


Ky 4 C, C4 


e exp 


2 
-(Ysf ° Fan lb 





KT 





VIII.4-7 — 


| derivation of the previous set of equations are given 


-1 Terms and Processes in the Rate Equations 





Description 





Production of helium gas atoms. 

Rate at which helium gas atoms disappear by for- 
mation of diatomic clusters (two gas atoms are 
consumed for each diatomic cluster). 


Rate of formation of triatomic clusters from di- 
gas atoms and single gas atoms. 


Rate of formation of four-atom clusters from tri- 
gas atoms and single gas atoms. 


Rate of formation of five-atom clusters from 
four-gas atoms and single gas atoms. 


Rate at which single atoms are returned to the 
matrix by resolution of diatomic clusters. 


Resolution rates. 


Rate of diffusion-controlled absorption of helium 
gas atoms by dislocations. 


Removal rate of helium gas atoms by grain 
boundaries. 


Thermal dissociation rate of diatomic clusters 
into single gas atoms. 


Production of rate defects. 


Rate of diffusion-controlled absorption of 
vacancies/interstitials by dislocations. 


Rate of homogeneous point defect recombination. 


Equilibrium vacancy concentration at the edge of 
an interstitial dislocaiton loop of radius Ri, 
with a stacking fault energy, Ysf- 
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Table VIII.4-2 Material Parameters used in the Calculations (29) 














Parameter Definition 

ào lattice parameter 

k Boltzmann's constant 

b Burger's vector 

Cyi recombination combinatorial number 
C11 combinatorial number for He-He 

C12 combinatorial number for He-2He> 
C13 combinatorial number for He-He3 

d grain diameter 


initial value of dislocation density 
binding energy of di-helium 


E " detrapping energy of helium 
d formation energy of an interstitial 
d migration energy of single-interstitial 
d formation energy of a vacancy 
v migration energy of single vacancy 
Y surface energy 
Q atomic volume 
v Poisson's ratio 
Re (0) initial value of the cavity radius 
Ri, initial value of the interstitial 
loop radius 
Ysf stacking fault energy 
H shear modulus 
B Van der Waal's constant 
VH helium vibrational frequency 
vi interstitial vibrational frequency 
Vy vacancy vibrational frequency 
ZHe bias factor of helium gas atoms 
Z; bias factor of interstitials 
ly bias factor of vacancies 
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Numerical Value 





3.63 A 

8.617 x 10"%eY /K 
2.5668 x 1079 cm 
48 

84 

20 

12 

3.0 x 107? cm 
108 cm/cm 

0.79 eV 

3.16 eV 

4.08 ev 

0.20 eV 
1.60 eV 

1.40 eV 

6.24 x 1014 ev/c,2 
1.1958 x 10723 cm? 
0.291 

20 A 








5 A 

9.2 x 1012 eV/cm* 
1.7665 x 1023 ev/cm? 
1.75 x 10723 

5.0 x 1014/sec 

5.0 x 1012/sec 

5.0 x 10!3/sec 

1.00 

1.01 

1.00 
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VIII.4,4 The EXPRESS Computer Code 





In order to solve the previous set of rate equations (VIII.4-2 to VIII.2- 
10) for Inertial Confinement Fusion conditions, a special computational tech- 
nique was developed. The EXPRESS computer code (Integration/EXtrapolation 
Method for Pulsed Rute Equations of Stiff Systems) solves time dependent rate 
equations describing the evolution of the space-averaged damage state of an 
ICFR first wall. As such, it represents an extension of the HEGBUF code (20) , 
developed by M. Takata to describe the damage-state evolution in steady-state 
and slowly pulsed fusion machines. 

The equations describing this system possess the property of stiffness; 
that is, the time scales characterizing the various elements of the system 
span a large range of values. The integration of such a system requires the 


use of specialized numerical techniques. Many of these techniques have been 





incorporated into a set of subroutines called the GEAR package. (2!) When the 





pulse frequency is high, as in the case of ICFR's, even the methods of GEAR 
become prohibitively expensive. 

To alleviate this difficulty, we have developed an integration/extrapo- 
lation method which allows us to obtain the solution of the equations without 
integrating each pulse. A detailed description of this method is contained in 
a UCLA report. (22) A flow diagram is shown in Fig. VIII .4-1. 


VIII.4.5 Results 





In all of our calculations, the displacement and helium production rates 
were idealized by square waves of definite pulse lengths (Tom). The peak dis- 
placement damage and helium production rates are determined by conserving the 
total number of displacements and helium within one pulse. The magnitude of 
the on-time is determined as the "fuli width at half maximum (FWHM)" from the 


nuclear analysis of the wall response. It was also found that under our 
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Fig. VIII.4-1 Flow diagram of integration/extrapolation method of solution 
developed. 
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epecific conditions, the helium mean-lifetime is much longer than t! 
No helium diffusion is therefore expected during the short on-time, 
helium on-time can be approximated by the displacement damage on-tir 


The following conditions apply: 


T e) = Ton dpa) 


We will here analyze the following two cases. 


VIII.4.5.1 Unprotected Ferritic Steel First Wall 





Based upon the previous assumptions, and the results of the nu 
analysis, we use as input to the computer code EXPRESS the followin: 

Ton = D ns 

Teycle = 0.2 s 

instantaneous dpa/s = 32.12 dpa/s 

instantaneous He/s = 2.89 x 1074 at/at/s 

dpa/FPY = 25.36 dpa/FPY 

He/FPY = 227.6 appm/FPY 

He/dpa ratio = 9 appm/dpa 

Figure VIII.4-2 shows the concentration of single helium atoms 
ferritic steel matrix, as a function of irradiation time. The calc 
for this case (500?C) were performed up to - 80,000 pulses. The he 
mainly trapped in vacancies and has a very little chance for diffus: 
cavity concentration is shown in Fig. VIII.4-3 where the soiid line 


equivalent continuous-irradiation, and the dotted are for the actua 


case. By - 80,000 pulses, the cavity density in the pulsed case is 
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smaller than the corresponding continuous irradiation. The concentrations of 
both vacancies and interstitials for the first 300 pulses are shown on Fig. 
VIII.4-4 and up to 80,000 pulses on Fig. VIII.4-5. The solid lines are for 
the continuous irradiation equivalent, while the dotted lines represent the 
envelope of the fluctuations in these components. The increase in the average 
radius of the cavity is shown in Fig. VIII.4-6 where it is evident that puls- 
ing of irradiation results in a smaller cavity radius. This is mainly due to 
the enhanced vacancy-interstitial recombination brought about by the fluctu- 
ations shown on the previous figure. It is concluded therefore that under 
pulsed irradiation, a lower amount of swelling is observed than that observed 
under the equivalent continuous irradiation. This conclusion is unique to the 
HIBALL conditions and caution should be used in extrapolating to other condi- 
tions. 
A comparison of the cost of the new integration/extrapolation method, and 
the straight numerical integration of the previous equations is shown in Fig. 
VIII.4-7. A gain of over a factor of 20 in the cost of integration is achieved 
using our new method. This is extremely important in studies of pulsed ef- 
fects that include ratcheting (build-up) phenomena. 


VIII.4.5.2 Protected Ferritic Steel First Metallic Wall 





A summary of radiation damage parameters in the first metallic wall, and 
in the reflector, is given in Table VIII.4-3 below. 

Figure VIII.4-8 shows the concentrations of the primary ^ mponents of 
damage: vacancies, interstitials, and helium atoms, during the first pulse 
and pulse 515. The vacancy and interstitial concentrations are shown tu be 
higher than the helium concentration during the first pulse where the helium 
is relatively mobile. As damage accumulates, the concentr. on of helium 


increases due to its decreased mobility. It is also show chat the self- 
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Fig. VIII.4-4 Concentrations of vacancies and interstitials for the 
first 300 pulses. 
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Fig. VIII.4-5 Concentration of vacancies up to 80000 pulses. 


10 





















4 
B 
| 
i 






VIII.4-17 VIII.4-18 









VIII.4-19 — 
































































































































































































Table VIII.4-3 Radiation Damage Parameters for the 10.0 — 
Protected First Metallic Wall 
" 2 £.0 
o +) 
I e Half Ref. Full Ref. 
e £ C.0 
= 2 O 3 First Wall Thickness Thickness 
o Q aem e 
UNPROTECTZD FW = 1 + (O É » 
500°C GEAR INTEGRATION - TP" A © ul ^ Ton» "S 1.5 2.0 2.4 A 
Ka o = 
« | | - o = fup + | €t 0.2 0.2 SB Zi 
- Oo I 
Y CONTINUOUS IRR. x i on — — — O = 5 dpa/yr 2.7 0.32 0.028 5 
Lem e - 
z ka ` = Uc appm He/yr | 0.364 0.0112 5.4 x 1074 ye ` 
* 2.04 S ` = 2a 
> E £ = `. 2 = He/dpa 0.135 0.035 0.019 a 
ki p. As b > i a, t N e " ë x 
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d 1.0 [- | zz a — — = 9 11 12 pm 
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we d E 2 di LO | i E 
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S o. Sp s 2 | r 
Ü SE d > x 
€ o Y be 5. 
pS ei interstitials diffuse significantly during the pulse on-time, while both ° 
x» Y 1.0 
L E vacancies and helium remain in the matrix during this short period. The š 
5 3 Le 
> E helium diffusion coefficient is shown in Fig. VIII.4-9 as a function of the 5 
TIME, SECONDS —J š Š | b : 
Fig. VIII.4-6 Change in cavity rad | irradiati Ñ yor —— H 
” : ange in cavity radius vs. time of irradiation. | Q. ES Equivalent steady state calculations were made for the peak damage posi- E 
- | m 
= = tion in the first wall. Figure VIII.4-10 shows the results of these calcu- 3 L. 
° > - 0 50 
— E " lations where A. the cavity average radius, and the concentration are shown 
o 
| l ù as functions of irradiation time. The maximum swelling is shown to be 
# OF PULSES INTEGRATED ‘Oo o insignificant over the first wall lifetime at 450°C (< 10734) . Fig. VIII.4-9 H 
28 m In order to understand this low value of swelling, we developed a simpli- 
Fig. VIII.4-7 Cost comparison for two computational methods used. (Wd) A LISN3O E fied model for the partitioning of gas atoms in cavities. The model assump- 
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(1) Continuous irradiation. 


VIII.4-23 


(2) HFIR cavity density for 316 SS 


Nc 


(3) Cavities are equilibrium bubbles. 


(4) Van der Wall's equation of state. 


(5 All gas is in cavities. 


— 302 — 


- 6.642 x 10% exp (-0.023 T(K)) 


The calculated swelling, based on this model is shown in Table VIII.4-4. 


These simplified calculations indicate that the maximum amount of swelling 


will again be small over the lifetime of the wall. It is concluded therefore 


the swelling is not a major design problem, and lifetime will be more limited 


by other considerations (such as embrittlement at low temperature and creep 


rupture at high temperature). 


Table VIII.4-4 Percent Swelling for the Protected First Wall 
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VIII.4,6 Conclusions 





“rom our study of helium behavior in the HIBALL design, we conclude the 
following: 
(1) Helium migrates interstitially by a trapping/detrapping mechanism. 
(2) The He/dpa ratio is the parameter that significantly affects cavity 


nucleation. 





(3) Maximum nucleation will be in the first wall. 


(4) A successful new integration/extrapolation technique has been developed 


for pulsed systems: 


CPU time » down by - 20 


Error » up by - 1-4% 


(5) The cavity density in pulsed irradiation is higher than continuous 
irradiation only before significant helium diffusion occurs. 

(6) Fluctuations in point defect concentrations due to pulsing lead to a 
smaller growth rate of cavities. 

(7) Overall swelling due to pulsing will be smaller than corresponding 
continuous irradiation. 


(8) Swelling will not be a life-determining factor for the HIBALL design. 
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IX Maintenance 





IX.1 Radiation Environment 








The calculations presented in sectior VI.3 showed that the dose outside 
the shield was acceptable during and following operation. However, the calcu- 


lations presented in section VI.3.5 indicated that very high levels of activi- 


ty wiil be associated with the structure in the INPORT region and the first 


wall and reflector. In addition, neutron streaming will produce activity in 
the vacuum lines and pumps, the beam ports, and the beam dump. The activity 
generated in those parts of the system that are struck by heavy ions must also 
be considered. The consequences of this for maintenance is that dose levels 
will be so high that remote maintenance will be required for all major tasks 
such as replacement of INPORT tubes, service of vacuum systems, coolant lines, 
magnets, etc. The following sections indicate, at least in a schematic 
fashion, the features of the design that have been incorporated to carry out 


these tasks and how they might be performed. 


IX.2 Cavity Components 





UPPER BLANKET AS VIEWED FROM INSIDE 


THE REACTOR CAVITY 
IX.2.1 Introduction and Maintenance Philosophy 





FINAL FOCUSING 
QUADRUPOLES 


VACUUM 


A mechanical description of the cavity was given in Section VI.1.2. In 











this section we will outline the procedures and maintenance philosophy for the 




















internal cavity components. 


There are essentially only two kinds of cavity components which wil! 
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require periodic replacement due to radiation damage; they are the radial 
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blanket modules and the upper blanket modules. These blanket modules were 









































designed with maintainability as a prime consideration. 





Figure IX.2-1 shows a cross section of the cavity. The upper blanket 


Y 


covers the top of the cavity and is divided into 30 identical modules. Each 





BEAM PORT 
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module has one supply header connected to it at the upper outer periphery. 












































The coolant circulates through the blanket and exits through a tube which 
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LOWER BASIN 
Cross section of reactor cavity. 








12} PELLET INJECTOR 
REFLECTOR 
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OUTLINE OF 
connects with the radial blanket. The coolant from the upper blanket then 


MAINTENANCE 
ACCESS PORT 


IX.2-1 


drains through the back tubes of the radial blanket. 


UPPER 
BLANKET 


During operation when the upper blanket is filled with Li17Pbg3, the 


Fig. 





SiC TUBES 








upper blanket modules are supported on the reflector by means of studs. These 


| VACUUM at 
studs fit in milled slots in the reflector and are locked to it by means of a - 


latching mechanism. When the upper blanket modules are drained, the latching 
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mechanism can be deactivated and then the reflector and shield is free to 





COOLANT 


DRAIN 
rotate about the central axis while the blanket modules remain in place. At 





REMOVABLE SHIELD 


SEGMENT 


"e em oo omo» wm — 


this time the modules are supported on the outer edge and on a central hub. 





So. oe am 
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Figure IX.2-2 is a view of the upper blanket from inside the reactor cavity 








Fig. IX.2-2 Upper blanket as viewed from inside the reactor cavity. 
Showing the coolant drain tubes and the vacuum system ducts. In Fig. IX.2-3 


e, 
SHIELD —_ 


are several views of an upper blanket module. Support studs are shown only at 


COOLANT 
SUPPLY 


one location but in principle there can be more of them along the length of 


the module. The cross sections show details of the structural frame and the 







































































IX.2-4 — 310 — 
NEP A 
SiC fabric which surrounds the frame entirely. Arrows in the side view indi- In the following sections we will address specific aspects of blanket IX.2.3 Disconnecting and 
cate the direction of coolant flow. f maintainability, namely, preparation for blanket replacement, remote discon- The breeding/cool ing 
| The radial blanket is also divided into 30 equal modules. An outline of nection and connection of coolant lines and removal and replacement of blanket | excellent solder. We feel 
a single module and its SiC tubes is superimposed on Fig. IX.2-2 where the REACTOR — the means for connecting a 
dotted line indicates the first surface. Each module consists of a distri- MAINTENANCE HALL IX.2.2 Preparation for Blanket Maintenance in Fig. IX.2-5 is to make 





In prepari i m 
preparing the cavity for blanket replacement many preliminary oper- Li,7Pbg3 forms a frozen ba 


bution manifold which is a part of the upper tube support plate, the SiC tubes 
used to apply pressure bet 








ations have to be carried out. The list below enumerates the key operations 






and the lower restraining plate. Ten out of the thirty modules have two beam 







that can be performed during a 24 hour period after shutdown while the short placement. A heater must 


ROTATABLE 
UPPER SHIELD 








pc 
C 
SECTION C-C 


ports built in. Each module is attached to the 40 cm thick reflector by means 








. lived radio-i i i i 
sotopes, in particular Mn-56, are decaying. sembly. On the other hang 











































































































































o o 
5 = of 4 equally distributed struts welded to the HT-9 support plate. The struts 
“ ° 
£ à | 
° have tees machined on the ends which fit into milled slots in the reflector. d — — * Vacuum ports are valved off to prevent contamination of the cryopumps the vicinity of the joint, 
D e n ; keng . 1 
. - e E Pulling up on a module retracts the struts from the slots in the reflector and ( ~~ s with undesirable gasses and the cryosurfaces are warmed up. | the stationary flange. T! 
u eo ae m 2 ° L.L. — ——— " " j 
> = * z " | disengages them. pu — Beam lines are isolated from the cavity by valves. truly a remotely maintain: 
pem = a | : : 1e à. ' ü ' 
$ 5 5 = x The maintenance philosophy that has been adopted for the HIBALL cavities | * The Li,7Pbg3 is drained from the cavity entirely. —— 
c " ' 
© depends on five key features. They are: REACTOR ° The Liz7Pbg3 coolant is drained from the reflector and the reflector i | In a practical sense 
E 1. The reactor cavity is built below grade such that the maintenance CAVITY hooked ili » x 
s r | ooked up to an auxiliary cooling system, perhaps of helium gas. The following sequence must bi 
p". hall essentially sits on top of it as shown in Fig. 1X.2-4. u i tad — 
$ y p g reflector is cooled sufficiently to maintain its temperature above the Disconnecting a Coolant Ji 
2. The upper reflector and shield are designed to rotate about the ductile-bri iq a 
z- « m ppe g 1le-brittle transition level. This will also keep whatever residual . The breeding/cool ing 
ge « < > ` central axis while the upper blanket remains stationary. Li17Pbo4 molten and wil 
Ss L z * 17 "83 and will prevent freezeup of the blanket support systems. e The heater on the fl. 
. ein. pum E à 3. Upper and radial blanket modules can be removed into the maintenance ° The cavity is brought up to atmospheric pressure with air the flange edge is t 
2 Sa e| e hall through an access port in the upper shield. A shielded plug is e The upper shield seal bet I | i a 
Z — etween the rotatable and stationary shield compo- e The mechanical latch 
— | o placed in the port during reactor operation. nents is di 
š = x — — : z isconnected. fianges. 
a Aue Su : A Cosa O A 00 a n vn O "m vii — showing reactor cavity below grade with maintenance ° The plug in the upper shield access port is unsealed and removed. e The stationary half 
zt 33 o above. 
< 3 from the outside for replacement. e The ta ini à; SER 
- EE e P rget injector is removed and remote viewing devices are inserted in uncoupling the joint 
3 5. Remote viewing devices (TV camera, etc.) can be inserted through the its place. C ti Coolant Joi 
onnectin 
Š o ie | ig a Coolant Joín 
central aperture devoted to the target injector. The target injector * The mechanical latch which locks the upper blanket modules to the re- e The flanges are alig 
flector is deactivated making it possible to rotate the reflecto:/shield. inserted blanket mod 





unit can be removed vertically into the maintenance hall. 
fluxed. 
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Connecting Coolant Lines 
material selected for HIBALL, Li;;7Pba4 is an 


we should take advantage of this fact in designing 





nd disconnecting the coolant lines. The idea shown 
a coupling with a wide enough flange such that the 
rrier at the outer periphery. A mechanical latch is 
ween the flanges and provide restraint against dis- 
be provided to melt the connection during disas- 

i, because of the high temperature surroundings in 

, it may be necesary to actively cool the edges of 

ie coolant is turned off to melt the joint. This is 


ible self-healing coupling which is relatively easy 


, for this scheme to work entirely automatically, the 


> followed: 
int 
material is drained out. 


ange is turned on, or alternatively, the coolant on 


urned off. 


is deactuated to release the pressure between the 


of the joint is retracted to provide clearance for 


t 
ned and the conical surfaces are mated. The newly 


ule will have a flange which has teen appropriately 
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DISCONNECTED JOINT 


Fig. IX.2-5 Coolant tube remote joining concept. 
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* The mechanical latch is actuated and the joint is immobilized. 
* As the breeding material is admitted into the header it forms a frozen 
seal on the edge between the flanges. | 
IX.2.4 Replacing Blanket Modules 





Figure IX.2-2 shows the outline of the maintenance access port super- 
imposed on a view of the upper blanket and Fig. IX.2-6 shows an upper blanket 
module being removed through the access port. 

Following the preparation outlined in section X1.2-2, the upper shield/ 
reflector is rotated and made to index onto the blanket module to be replaced. 
Once the coolant line is disconnected, an overhead crane in the maintenance 
hall equipped with a special fixture is attached to the upper blanket module. 
In order to decouple the module from its supports, it has to be lifted up in 
the back and then pulled radially outwards. When the support studs clear the 
slots in the reflector, the blanket module ic tilted forward as shown in Fig. 
IX.2-6 and is lifted out of the cavity into the reactor hall. 

With an upper blanket module removed, the radial blanket module immedi- 
ately below it is now visible through the access port. Another special 
fixture is attached to it and is used to extract it vertically through the 
access hatch as shown in Fig. IX.2-7. After the coolant line is disconnected, 
an upward pull on the module disengages the tee sections on the upper support 
plate struts from the milled slots in the reflector. Once enc ged, the whole 
module is free to be removed from the cavity. 

Replacing the spent modules with new ones entails reversing the process 
outlined above. A new radial blanket module is inserted into the cavity, at- 
tached to tne reflector and the coolant line. It is followed by a vertical 


blanket module which is also inserted and the appropriate attachments 
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IX.2-6 Cross section showing removal of an upper blanket module. 


Fig. 
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X Preliminary Cost Estimates 





performed. The upper reflector/shield is then rotated to the next location 
X.1 Basis for Costina 





and the same procedure repeated. 


i ing list enumerates the basis for the costing: 
| Although the blanket modules are large and bulky, they are quite light The fortenas 
a. Methodology adopted from the US-DOE "Fusion Reactor Design Studies - 
once the breeding material has been drained from them. For example, the mass gy P : 


dard Accounts for Cost Estimates," PNL 2648, 
of an upper blanket module is - 1.5 tonnes and a radial module - 1.8 tonnes. standar 


i i e it costs for the cavities taken from the US-INTOR study, 
The mass of the shield plug is - 150 tonnes, well within the capacity of the » wet 





Driver and beam transport costs by GSI-Darmstadt, 






overhead crane in the maintenance hall. 






i nstant dollars used - no escalation due to inflation, and 
When blanket replacement is completed, the cavity must be returned to Cons 


Cost of target factory amortized over 30 years and accounted for in 






operational status. The upper shield is rotated to a designated location, the 
the target costs. 






access port is plugged, the seals are secured and the support mechanism which 
locks the upper blanket modules to the reflector is actuated. The cavity is 
now ready for evacuation and initiation of startup procedures. 

A summary of the attractive features of this maintenance concept is given 
below: 


Summary 
e Preassembled blanket modules with integral support manifolds and beam 





tubes minimize "in reactor" manipulation. 

e Coolant headers, vacuum pumps and ducts remain undisturbed. 

e Number of coolant connections is minimized and the designed joints can be 
disconnected remotely with relative ease. 


e Although bulky, the blanket modules are light. 


IX.2-7 Cross section showing removal of a radial blanket module. 


e Operations are limited to simple linear transla:ion and vertical lifting. 


e The unprotected central hub of the target injector can be easily removed 


Fig. 


for servicing. 












X.2 Driver and Beam Transport 





Table X.2-1 Linac Costs 











The cost estimate for the HIBALL driver and beam transport system is of a 





in MDM 











preliminary nature and in many cases does not include development costs or 













redundancy of critical elements. 







For the driver and beam lines, the most costly items have been derived 









Source and injection 8 x 3.0 
from current projects which are comparable in size or magnitude. The linac RFQ linac ` 0.2 MDM/m x 160 m 
27 MHz Wideroe 0.15 MDM/m x 120 m 
costs are based on the German SNQ project and the superconducting element, on 54 MHz Wideroe 0.15 MDM/m x 208 m 
108 MHz Alvarez 0.1 MDM/m x 320 m 
the HERA proposal which relied mainly on magnet fabrication at FNAL. The 324 MHz Alvarez 0.06 MDM/m x 2500 m 
Funnel section 1.2 MDM x 7 
costs of the induction modules linac were based on available data from the LBL Debuncher, energy 








+ emitt. meas., beam dump 






fusion linac study. Assembly and testing has been included for the major cost 























RF < 108 MHz 1.75 MDM/MW x (20 + 26) 
RF 108 MHz 1 MDM/MW x (23 + 72) 
RF 324 MHz 0.7 MDM/MW x (250 + 653) 


items but not for the many smaller systems. It should be mentioned that these 

















costs do not reflect any optimization or simplification which may result from 










more detailed analysis. 








Controls 
Software 








Table X.2-1 gives the linac costs and Table X.2-2 the costs of the 












transfer ring, the five condenser rings, the ten storage rings and all the 
























Cooling 
associated beam lines. These costs were compiled at GSI-Darmstadt (FRG) and Air condition — 
El. power distribution 50 
are given in DM with the gross values converted to dollars at the present Safety * communications audi 094 
conversion rate of 2.5 DM per U.S. dollar. — 3 3 
Injection building 200 DM/m~x60x60x20 m 14 
Linac low energy 9 kDM/m x 530 m 5 
Linac high energy 13 kDM/m,x 2500 m 33 
Equipment building 130 DM/m? x 15x15x3000 m? 88 
Operation building 28 
Workshop and stores _40 
208 
1581 632.4 


Table X.2-2 Rings and Beam Transport Costs 
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Length of superconducting 
elements 


Cost per m incl. vacuum, 
controls, power supplies, 
refrigerator 

Total beam line and ring cost 

Kickers and septa 

Switching magnets 

Beam rotator 

Beam combiner 

RF syst. in storage rings 

Induction linacs 

Timing and controls 

Correction dipoles 

Final focusing 


Remote handling equipment 


Cooling plant + distribution 


Ring tunnels 
Transport tunnels 
Utility buildings for rings 


Refrigerator + power supply 
buildings 


Maintenance building 


31.4 km 


38.5 kDM 


1.5 MDM x 42 


0.3 MDM x 36 


5 MDM x 10 


0.7 x 80 
3.5 x 80 


10 kDM/m x 14.7 km 
5 kDM/m x 24 km 
10 MDM x 4 


3 MDM x 20 


(DMx10) 


1209 


280 


130 


147 
120 
40 


60 
40 


2730 


407 
3137 


($x106) 


1254.8 
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X.3-2 X.3-3 — 326 — X.4-1 
X.3 Cavities BALL Cavit X.4 Remaining Direct Co 
Table X.3-1 Unit Costs Used in HI vity ° emainin rec sts 
In the reactor cavities at the present level of design, the costing Table X.3-2 Summary of Cavity Costs ' 
d $ (1981) E 6 The remaining major cost item in the reactor plant is the main heat 
| procedure consists simply of calculating the masses of materials used in the Ñ $ x 10” (1981) $ x 10” (1981) 
| 1. Blanket | Blanket transfer and transport system. This account is estimated at $560 x 10° and is 
cavity and applying a unit cost which is based on a completely fabricated — | = 
Fabricated SiC i | broken down in the following manner: 
i product. In places where such a method is impractical, for example in the | SiC INPORT tubes 18.384 
10 cm diam. INPORT tubes $/unit 5660 iae basi A Liquid metal pumps 225 x 10% 
area of cryopumps or cryogenerators, algorithms are used which relate the cost pp | è 
3 cm diam. INPORT tubes $/unit 865.4 iida Gd wm Steam generators 175 x 10° 
to the capacity of the system. e A 
Upper blanket modules $/k 1500 3 Pipes/dump tanks/cleanup system 160 x 1 
The unit costs and cost algorithms used in this study are derived from PP ° HT-9 Radial blanket 1.758 
| Beam ports $/kg 1500 ; In the balance of plant, it was assumed that a 1000 acre site wili 5e required 
the guidelines adopted for INTOR. Prices given reflect only the material and P Upper blanket 1.882 
HT-9 Structure $/kg 45 Li,-Pb 20.205 52.161 at $5000/acre. The structures and site facilities take into account that the 
fabrication costs. Engineering, assembly and contingency are assessed as a 17983 ° ° 
Li,7Pbg3 $/kg 4.5 Reflector and Liner buildings for the linac, rings and beam line tunnels are already included in 


















percentage of the direct costs. 
section X.2. 





















































2. Reflector and Liner M 

Table X.3-1 gives the unit costs used in the cavities and Table X.3-2 HT-9 Reflector 47.438 

HT-9 $/kg 20 Other tinar 1.883 For the turbine plant equipment, the electric plant equipment and the 
summarizes these costs. ° 

Shield Bottom drain 2,400 miscellaneous plant equipment, we have used the guidelines provided by PNL- | 
Structure Upper latching mechanism 1.500 53.221 2987 "Fusion Reactor Design Studies Standard Cost Estimating Rules" prepared | 
Concrete Shield for the US DOE by Battelle Northwest. Table X.4-1 lists the direct costs for 
Vacuum_System Structure 73.000 the reactor plant and the balance of plant. 












Concrete 4.471 77.471 





Valves 




















Cryopanels (algorithm used) Vacuum_System 


Valves (30 + 2 spares) 2.240 







Root blowers (algorithm used) 









Pipes and Headers Cryopumps (He) 2.800 





36 cm diam. inlet pipes, 







Cryopanels (DoT) 2.880 





1.0 m diam. header Roots blowers 0.800 8.720 






Pipes and Headers 





Coolant lines and flanges 







Headers 








TOTAL/CAVITY 196.201 














Tab] 


Reactor Plant 





Reactor cavities (4) 
Pellet injectors (4) 
Main heat transfer s 
RF linac 

Transfer ring (1) 
Condenser rings (5) 
Storage rings (10) 
Induction linac (20) 


Beam lines 


Balance of Plant 





Land and land rights 
Structures and site 

Turbine plant and he 
Electric plant equip 


Miscellaneous plant 





e X.4-1 Breakdown of Direct Costs 





$ x 10% (1981) 
785 
12 
ystem 560 
632 
1255 
5 
facilities 280 
at rejection 430 
ment 275 
equipment _50 





3244 


1040 
4284 
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X.5 Indirect Costs and Interest During Construction 











As mentioned in section X.1, the guidelines given in PNL 2648 were used 
in arriving at the indirect costs. 

Since this economic analysis is in constant dollars, the interest during 
construction is based on a 5% annual deflated cost of capital. An 8 year con- 
struction period was used on the assumption that the driver, reactor plant and 
balance of plant construction could be ongoing simultaneously. With the 
capital disbursed according to the classical S curve biased to the right, the 
interest during construction factor is 0.17 (PNL 2648). Table X.5-1 gives the 


breakdown of the indirect cost and the interest during construction. 


Table X.5-1. Indirect Costs and Interest During Construction 





Total Direct Costs 


Indirect Costs 











Construction Facilities (15% of TDC) 
Engineering 4 Cost Management (15% of TDC) 
Owners Costs (5% of TDC) 

Interest During Construction 


5%/Annum Deflated Interest 
8 year Construction Period 


Grand Total Cost 


The net electric power output of HIBALL is 3768 MWe. Thus the capital cost 


is: 


$6765 x 109 





Capital Cost = 7 
3768 x 10” kW 





642 
642 
214 
983 


= $1795/kWe 


This can be compared with other recent fusion designs: 


STARF IRE 
NUWMAK 
WITAMIR 


2000 
¿227 
2130 


$ x 10% (1981) 


X.6 Busbar Costs 








X.6.1 Target Costs 








4204 


1498 






The cost of the target factory was amortized in the target costs and thus 
does not appear as a direct cost. We assumed a $200 x 106 target factory cost 
which, after the indirect costs and interest during construction were added 


became $316 x 106. Thus the target cost breakdown is as follows: 





cents/target 
30 year amortization of target factory 2.4 
Operation and maintenance (2% of capital cost) 1.4 
Interest on capital (10% annual) 7.2 
Material (Do, plastic, etc.) 2.0 
Profit 2.0. | 
15.00 | 


At a 70% availability, the number of targets needed for all four cavities is 
4.4 x 108/annum. The annual target cost is thus $66 x 106. 


X.6.2 Operation and Maintenance 





As provided in PNL 2648, the operation and maintenance was taken as 2X of 
the total capital cost, or $135 x 106. 


X.6.3 Component "> lacement 





A two year lifetime was taken for the INPORT tubes and the upper blanket 
modules. The annual component replacement cost is thus $64 x 106, 


X.6.4 Interest on Capital 





A straight 10% annual interest on capital was used. Table X.6-1 gives 


the busbar cost. 











X.6-2 ka. js 


Table X.6-1. HIBALL Busbar Costs 





Assumptions: 70% availability 





10% interest on capital 


3768 MWe net power output = 2.31 x 1010 kWh /yr 


s (66 x 10° + 135 x 10% + 64 x 10% + 676.5 x 10^) 1001 
2.31 x 10° kWh 





Bushar Cost - 


- 40.8 mills/kWh. 


Some of the other recently designed fusion power systems have the fi 


busbar costs: 





STARF IRE 35.1 
NUWMAK 37.5 
WITAMIR 36.1 
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HIBALL PARAMETER LISTING #6 





Contents 





General 


Target 

Target Manufacture and Delivery 
Driver 

Cavity Region 

Non-Cavity Region 

A. Vacuum Boundary Mall 

B. Reflector 

C. Shield 

Balance of Plant 

System 


Tritium 





Page 


A-1 
A-2 
A-4 
A-6 
A-12 
A-17 
A-17 
A-18 
A-21 
A-23 
A-24 
A-25 





I. GENERAL PARAMETERS 





Average DT power - 17.6 MeV/fusion (MW) 
Target power (MW) 

Target multiplication 

Target yield (MJ) 

Ion beam pulse energy (MJ) 
Overall driver efficiency (2) 
Target gain 

Fusion gain nG 

Blanket multiplication 

Total nuclear thermal power (MW) 
Gross power 

Gross thermal efficiency (X) 
Gross electrical output (MW) 
Recirculating power fraction 

Net electrical output (MW) 

# of chambers 

Chamber repetition rate (Hz) 
Chamber geometry 

Chamber diameter (m) 

Chamber height (m) (at vacuum wall) 
Chamber alloy 

# of beam ports per chamber 
Breeding material 

Breeding ratio 











4/29/81 





5/8/81 









6/30/81 























8000 8000 8000 

7873.6 7920 7920 

0.984 0.99 0.99 

400 400 396 

4.8 4.8 4.8 

26.5 26.5 26.7 

83 83 83 

18.5 18.5 22 

1.27 1.274 1.274 

10149 10193 10193 
10233 10233 

42 42 42 

4168 4278 4298 

0.2 0.2 0.123 

3309 3309 3768 

4 4 4 

5 2 5 

cylindrical cylindrical cylindrical 

14 14 14 

10 10 10 

HT-9 HT-9 HT-9 

20 20 20 

ar Maty "ww 

1.25 1.25 1.25 














































II. TARGET PARAMETERS 





Composition 

D (mg) 

T (mg) 

DT load (mg) 

Material #1 (mg) 

Material 42 (mg) 

Burnup (X) 

Total mass (mg) 
Configuration (# of shells) 
Target diameter (cm) 
Absorbed ion energy (MJ) 
No burn ignition temperature (keV) 


Fuel pR at ignition (g/cm?) 
Hot spot pR at ignition (g/cm) 


Pusher pR at ignition (g/cm?) 
DT yield (MJ) 
Target yield (MJ) 
Target energy multiplication 
Average DT power (MW) 
Target power (MW) 
Target gain 
Neutron yield (MJ) 
Neutron spectrum, E (MeV) 
Neutron multiplication 
Stopping Power (MeV-cm/mg) 
10 GeV Bi + Pbcold 

Bi * PbLi 
Gamma yield (MJ) 





4/29/81 5/8/81 


6/30/81 





1.61 1.6 
2.42 2.4 
4.0 (2.0) 4.0 (2.0) 


1.6 
2.4 
4.0 (2.0) 





PbLi 67.1  PbLi 67.1 
Pb 288 Pb 288 
30 (60) 30 (60) 


PbLi 67.1 
Pb 288 
30 (60) 














393.67 
0.984 
8000 
7873.6 





83 
284.8 
11.98 
1.046 








Gamma spectrum, E (MeV) 
X-ray yield (MJ) 
X-ray spectrum - blackbody (keV) 


Debris yield (MJ) 

Debris spectrum (keV/amu) 

Radioactivity production (Ci/target 
@ t = 0) 

Radioactivity production (Ci/target 
Q t = 0.2 sec) 

Target injection velocity (m/s) 

Target injector type 





4/29/81 


5/8/81 


6/30/81 





1.53 
87.6 
see histo- 
gram 


1.53 
89.5 
see histo- 
gram 


1.53 
89.5 
see histo- 
gram 





20.6 
0.6 


1.2 x 109 


21.0 
0.6 


1.2 x 10° 


21.0 
0.6 


1.2 x 106 





1000 
gas gun 


200 
gas gun 


tRNA PAUTTVN! DECTÁM DADAMETEDC 


200 
gas gun 


III. TARGET MANUFACTURE AND DELIVERY PARAMETERS 





Target manufacture 
Production rate (#/s) 


Material stored within target factory 


(kg) 
Deuterium 
Tritium 
Material #1 
Material #2 
Cost/target (cents) 
Target storage 
# of targets in storage 
Average target storage time (hr) 
Target delivery 
Longitudinal positioning 
tolerance (mm) 
Lateral positioning tolerance (mm) 
Target velocity (m/s) 
Repetition Frequency (Hz) 
Injection: 
Type 
Projectile (sabot«target) mass (g) 
Propellant gas amount 
(Torr liters/shot ) 
Propellant gas 
Total prop. gas handled (mg/shot ) 
Buffer cavity pressure, min, (Torr) 
max, (Torr) 
Buffer cavity volume (n3) | 



























































Injection channel diameter (mm) 
Prop. gas entering reactor cavity 
(mg/shot ) 
Gas gun total efficiency 
Gun barrel diameter (mm) 
Pressure of prop. gas reservior (Bar) 
Acceleration distance (m) 
Acceleration (m/s?) 
Acceleration time (ms) 
Total target travel time (ms) 
Tolerance on total travel time (ms) 
Distance muzzle to focus (m) 
Tracking: 
Lateral tracking 
Longitudinal tracking, type 
























Tracking position 1, distance from 
focus (m) 

Tracking position 2, distance from 
focus (m) 

Light beam diameter (mm) 

Precision of arrival time 
prediction (us) 

Duration of processing tracking 
results (ms) 






















6/30/81 





10 











none 
light-beam 
interception 





5.5 














IV. 






DRIVER PARAMETERS 





Ion 
Type 
Charge state 
Energy (GeV) 
Velocity v (m/s) 
Beta, 8 = v/c 
Gamma, y = (1 - g2)-1/? 
Magnetic stiffness (Tesla + meters) 
Mass number 
Source 


Accelerator 
Type 
Efficiency (%) 
Length (km) 
Effective voltage drop, Us (GV) 
Beam current during single pulse (mA) 
Single pulse length (ms) 
Length of macro pulse train containing 
450 single pulses (ms) 
Repetition rate of pulse trains (Hz) 
RF duty cycle 
Momentum width, Ap/p 
Source emittance, normalized, ey (m) 
Linac emittance, normalized, en (m) 
Micro-bunch frequency (MHz) 
Pulse length (us) 
bunch spacing (us) 
gap between bunches (us) 


























4/29/81 5/8/81 6/30/81 

Bi Bi Bi 

+2 +2 +2 

10 10 10 

9.25 x 107 9.25 x 107 9.25 x 107 

0.309 0.30875 0.30875 

1.051 1.051 1.051 
105.4 107.7 

209 209 209 

Elsire "Elsire" "Elsire" 
(reflex) (reflex) 

RF RF Linac RF Linac 

33.5 33.5 33.3 

3.0 3.0 3.0 

2 5 d 

147 155 160 

7.5 7.5 7.5 

20 20 20 

0.16 0.16 0.16 

i5 x 107% 43 x 10% 5 x 1075 

2x10 7 2x107 2x107 

4 x 1077 6 x 1077 6 x 1077 

108.4 108.4 108.4 

700 15 15 

35 see figure see figure 

1 1 (16) 1 (16) 


























4/29/81 5/8/81 6/30/81 
Transfer Ring 

Injection, radial stacking | Injection radial stacking 

g turns 20 3 3 # of turns 

Maximum dilution factor 5 2 2 Maximum dilution factor 
Beam emittance Beam emittance 

horizontal (mm-mrad) 12 12 horizontal (mm-mrad) 

vertical (mm-mrad) 2 2 | vertical (mm-mrad) 
Average dipole field, B (Tesla) ? 0.159 0.159 Average dipole field, B (Tesla) 
Average radius (m) ? 663.4 663.4 Average radius (m) 
Circumference (m) ? 4168 4168 Circumference (m) 
Revolution frequency (kHz) ? 22.22 22.22 Revolution frequency (kHz) 
Revolution time (us) 35 45 45 ! Revolution time (us) 
Coasting beam current (A) 3.4 0.46 0.46 | Coasting beam current (a) 
# lattice periods ? 240 (?) 240 (?) | 4 lattice periods 
Vito ? 59.85 (7?) 59.85 (?) | " 
Wo ? 59.85 (?) 59.85 (?) | * 
Beam full width (cm) | Beam full width (cm) 

horizontal ? 2.2 (?) 2.2 (?) | horizontal 

vertical ? 0.9 (?) 0.9 (2) | vertical 


Vacuum pressure (Torr) 
Ejection kickers (1 per ring) 


Vacuum pressure (Torr) < 19710 (1079 + (107? ?) 


Ejection kicker 











Flat top time (us) 35 45 45 Flat top time (us) 
Rise time (us) < 1 < 1 < 1 Rise time (us) 
Reset time (us) < 15 < 15 | Reset time (us) 
Kicking angle (mrad) 2.5 2.5 Kicking angle (mrad) 
Stored energy per shot (kJ) ? 0.05 0.05 Stored energy per shot (kJ) 
Average frequency of shots (secl) 200 200 Average frequency of shots (sec 
Power (kW) (n = 0.2) ? 50 30 Power per CR, n = 0.2 (kW) 
Beam rotator f Bdz (Tesla-m) 330 330 330 i Storage rings 
Condenser rings # of rings 
# of rings 5 5 Injection, radial stacking 
# of turns 





Maximum dilution factor 


-1) 
































4/29/81 5/8/81 6/30/81 
3 3 
1.67 1.67 
10 10 
12 12 
0.477 0.477 
221.1 221.1 
1389.4 1389.4 
66.67 66.67 
15 15 
1.38 1.38 
80 (?) 80 (?) 
19.85 (?) 19.85 (?) 
19.85 (?) 19.85 (?) 
2.0 (?) 2.0 (?) 
2.2 (?) 2.2 (?) 
< 10710 « 10710 
» 15 » 15 
< ] < 1 
« 100 « 100 
2.5 2.5 
0.1 0.1 
40 40 
20 20 
10 10 10 
7 3 
4 











Beam emittance 

horizontal (mm-mrad) 

vertical (mm-mrad) 
Average dipole field, B (Te 
Average radius (m) 
Circumference (m) 
Revolution frequency (MHz) 
Revolution time (us) 
Coasting beam current (A) 
# of lattice periods 


VHo 

"Vo 

Beam full width (cm) 
horizonte] 
vertical 

Vacuum pressure (Torr) 


Adiabatic compression 
RF (MHz) | 
Harmonic’ number 
Initial volts per turn ( 
Final volts per turn (kV 
Rise time (ms) 
Initial Ap/p 
Final Ap/p 
Final 4® 
Final at (ns) 
Separatrix Ap/p 
Synchrotron freq/revolut 
Fast extraction kickers 
$ of kickers per ring 








sla) 


kV) 


ion freq. 
































4/29/81 5/8/81 6/30/81 
45 45 
90 90 
? 1.431 1.431 
? 73.7 73.7 
? 463.1 463.1 
0.2 0.2 0.2 
> - - 
24 21 21 
? 40 (?) 40 (?) 
? 9.85 (?) 9.85 (?) 
«Mas _v SCH 
6(or 4) 3.7 (?) 3.7 (?) 
12(or 8) 5.2 (?) 5.2 (? 
10-10. 10-10. ` > 
19721 19-11 19711 
0.4 0.4 0.4 
2 2 2 
2 2 0.1 
200 200 76 
< 0.1 10 10 
5x 105 43x 105 15x 10? 
5x 10% 45x 10% 45x 107^ 
£15? £15? £15? 
£100 £100 £100 
43 x 1073 43 x 100 43 x 107 
1/350 1/350 1/350 
2 2 
A-23 — 356 — 


Kicking angle (mrad) 

Rise time (us) 

Flat top time (ns) 

Stored energy per shot (kJ) 

Average frequency of shots (s) 

Power per kicker, n = 0.2 (kW) 
Fast Compression: induction linac 

(space charge effects included) 

Length (m) 

Voltage (MV) 

Pulse shape 

Pulse length (ns) 

Focal length (km) 

^p/p 
Beam lines 

Total number-long 

Length (km) per long beam line 

# into each chamber ,short) 

Length (km) 

Total length of all beam lines (km) 

Lattice period (m) 

Phase advance 

Beam tube inner diameter (cm) 
Beam chamber entry 

Final focusing magnets 

uistance from FFM to target (m) 

Clearance for cavity-beam line 

vacuum pump (m) 


*For 4 cm hor. beam width (space charge). 





























A-10 — 
4/29/81 5/8/81 6/30/81 
20 6. 6* 
1.5 1.5 1.5 
» 500 » 500 » 500 

2 2 

4 20 

40 40 
100-200 200 200 
160 300 +150 
sawtooth sawtooth sawtooth 
200 200 200 
< 1.16 0.8 0.8 
248 x 107? 45 x 1073 45 x 107? 
20 20 20 
1.2 1.2 1.2 
80 20 20 
0.3 0.3 0.3 
48 48 48 
? » 2.8 » 2.8 
1/3 1/3 1/3 
10 8 8 
triplet quadrupoles quadrupoles 
8.5 8.5 8.5 
2 2 2 





Cavity pump down time between shots 


(ms) 


Beam port dimensions (cm) 


vertical 
horizontal 
Distance from beam port to target 
(m) 
Final Beams 
# of beams Step 1 
| Step 2 
Pulse length (ns), Step 1 
Step 2 


Particle Current/beam (kA) 
(Electric current - 2x particle 
current) Step 1 

Step 2 

Pulse energy (MJ) 

Maximum power (TW) 

Pulse repetition rate (Hz) 

Focused spot diameter (mm) 

Focused spot area (mm?) 

Unnormalized emittance per beam 
(mm-mrad) 
vertical 
horizontal 

Normalized emittance per beam 
(mn-mrad) 
vertical 
horizontal 
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4/29/81 5/8/81 6/30/81 

150 150 150 

85 103 103 

25 34.3 34.3 

7 7.28 7.27 

20 20 20 

20 20 20 | 
| 
| 

1.2 1.25 1.25 | 

t 4.8 5.0 

250 250 250 

20 20 20 

- E E 

28.3 28.3 28.3 

120x 901 90n( 1207) 

30% 45» 45n(30r) 

58% 291 29 

17.41 15% 157 





A-12 
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V. "CAVITY" REGION PARAMETERS 





Coolant and breeding material 
Li-6 enrichment, % 
Tube Region 
Inport tube structural material 
and v/o 
Inport tube coolant v/o 
Tube region support structure v/o 
First surface radius (m) 
Region thickness (m) 
Region density factor 
Effective coolant thickness (m) 
Mass of coolant in tubes/cavity 
(tonnes) 
Tubes 
Length (m) 
Diameter (cm) 
First two rows 
Wall thickness (mm) 
Remainder 
Wall thickness (mm) 
Number 
First two rows 
Remainder 
Number of penetrations in region 
Total area of beam penetrations at 
first surface (n?) 
Pb at. density - x10710 atom/cm>" 


* Just before shot. 


























4/29/81 5/8/81 6/30/81 
Tei Mity  Pbggliy7 
natural natural natural 
HT9-0.7 HT9-0.7 HT9-0.7 
SiC-2 SiC-2 SiC-2 
97.3 97.3 97.3 
HT9-0.7 HT9-0.7 HT9-0.7 
5 5 5 
2 2 2 
0.33 0.33 0.33 
0.66 0.66 0.66 
2295 2295 2295 
10 10 10 
3 3 3 

0.8 0.8 
10 10 10 

2 2 
1230 1230 1230 
3060 3060 3060 
20 20 20 
3.6 3.6 3.6 











Noncondensible at. density € 500°C - 
x 10-10 atoms /cm? 
Pressure - Torr 
Chamber top 
Structural material and v/o 


Coolant v/o 
Height at chamber centerline (m) 
Region thickness (m) 
Mass of coolant in top cavity 
(tonnes) 
Number of penetrations in top region 
Total area of penetrations at chamber 
inner surface (m?) 
Chamber bottom pool 
Structural material and v/o 
Coolant v/o 
Height at chamber centerline (m) 
Region thickness (m) 
Mass of coolant in bottom pool/ 
cavity (tonnes) 
Maximum lst surface neutron energy 
current - at chamber midplane (MW/m 
Neutrons passing through each beam iine 


2) 


penetration per shot 

Maximum total 1st surface X-ray and 
debris heat flux (J/cm?) 

DT power per cavity (MW) 

Total n & y power in cavity (MW) 
Tube region 
Cavity top 
Cavity bottom 
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4/29/81 5/8/81 6/3 
0.13 0.13 0.1 
< 1074 < 1074 < 1 
HT-9 1 HT-9 1 HT- 
sic 2 sic 2 SiC 
97 97 97 
6.5 6.5 6.5 
0.5 0.5 0.5 
717 717 717 
1 1 k. 
small "small" "Sn 
100 100 100 
5 5 5 
1.0 1.0 1. 
1448 1448 14 
4.54 4.54 4, ! 
8.14x1016 8.14x1010 8. 
34.5 34.5 34 
2000 2000 201 
1667.4 1667.4 16i 
1097.1 1097.1 10 
293.1 293.1 29 
277.2 277.2 27 















































Total power in cavity, including X-rays 
and debris (MW) 
Energy multiplication(1) 





n 4 y energy multiplication (2) 
Average power density (W/cm3) 
Tube region 
neutron 
gamma 
Top region 
neutron 
gamma 
Bottom region 
neutron 
gamma 
Peak/average spatial power density 
in tube region 
Impulse on first row of tubes 
(dyne-sec/cm?) 
Amount of coolant blown off per 
Shot (kg) 
Maximum DPA/FPY in SiC 
Tube region 
Top region 
Bottom region 
Average DPA/FPY in SiC 
Tube region 
Top region 
Bottom region 





4/29/81 


5/8/81 


6/30/81 


























2208.7 2208.7 . 2208.7 
1.1 1.1 1.1 
1.17 1.17 1.17 
3.44 3.44 3.44 
4.41 4.41 4.41 
2.20 2.20 2.20 
2.21 2.21 2.21 
3.51 3.51 3.51 
1.89 1.89 1.89 
1.62 1.62 1.62 
1.80 1.80 1.80 
1.06 1.06 1.06 
0.74 0.74 0.74 
4.87 4.87 4.87 
600 600 600 
13 13 13 
118 118 118 
70 70 70 
33.5 33.5 33.5 
29.6 29.6 29.6 





(1) Total energy deposited in region/Dt yield 


(2) Total n 4 y energy deposited in region/n 4 y energy incident on 1st surface. 


Maximum H production in SiC (appm/FPY) 
Tube region 
Top region 
Bottom region 
Average H production in SiC (appm/FPY) 
Tube region 
Top region 
Bottom region 
Maximum He production in SiC (appm/FPY) 
Tube region 
Top region 
Bottom region 
Average He production in SiC (appm/FPY) 
Tube region 
Top region 
Bottom region 
Tritium breeding ratio 
JE 
Tube region 
Top region 
Bottom region 
^i 
Tube region 
Top region 
Bottom region 
Coolant 
Inlet temperature (?C) 
Outlet temperature (?C) 
Flow rate/cavity (kg/hr) 
Maximum velocity within tubes in 
first two rows (m/s) 





4/29/81 


5/8/81 





6/30/81 


























1408 1408 1408 
833 833 833 
273 273 273 
216 216 216 
3705 3705 3705 
2192 2192 2192 
353 353 353 
274 274 274 
1.216 1.216 1.216 
1.190 1.190 1.190 
0.729 0.729 0.729 
0.226 0.226 0.226 
0.235 0.235 0.235 
0.026 0.026 0.026 
0.081 0.081 0.081 
0.004 0.004 0.004 
0.004 0.004 0.004 
330 330 330 
500 500 500 
2.7 x 108 2.94 x 108 2.94 x 10% 
5 5 5 













































































Maximum velocity within tubes not in 
the first two rows (m/s) 

Pressure (MPa) 

AP for entire loop (MPa) 

Pumping power delivered to coolant 









per cavity (MW) 










































4/29/81 





5/8/81 


6/30/81 











1.3 
0.2 
2.0 


1.3 
0.2 
2.0 






1.3 
0.2 
2.0 


VI. "NON-CAVITY" REGION PARAMETERS 





A. Vacuum Boundary Wall 








17.7 


17.9 


17.9 










Structural material 
Side wall 
Inside diameter (mj 
Thickness (m) 
Height (m) 
Top liner 
Height above midplane (m) 
at centerline 
at side wall 
Thickness 
Maximum neutron wall loading (MW /m* ) 
- Side wall at midplane 
Average power density (W/cm?) 
Side wall 
neutron 
gamma 
Top liner 
neutron 
gamma 
n & y energy multiplication 
Power deposited in vacuum wal!/ 
cavity (MW) 
Side wall 
Top liner 
Maximum DPA/FPY 
Side wall 
Top liner 
































4/29/81 5/8/81 6/30/81 
HT-9 HT-9 HT-9 
14 14 14 
0.01 0.01 0.01 
12.0 12.0 12.0 
7.0 7.0 7.0 
6.0 6.0 6.0 
0.01 0.01 0.01 
0.032 0.032 0.032 
1.65 1.65 1.65 
1.22 1.22 1.22 
0.097 0.097 0.097 
1.13 1.13 1.13 
3.07 3.07 3.07 
0.20 0.20 0.20 
2.87 2.87 2.87 
0.008 0.008 0.008 
11.0 11.0 11.0 
6.2 6.2 6.2 
4.8 4.8 4.8 
2.69 2.69 2.69 
4.98 4.98 4.98 





Peak instantaneous DPA rate (DPA/s) 
- Side wall at midplane 

Maximum H production (appm/FPY) 
Side wall 
Top liner 

Maximum He production (appm/FPY) 
Side wall 
Top liner 

Peak instantaneous He production rate 
(appm/s) - side wall at midplane 

Maximum temperature (*C) 

Expected lifetime (FPY) 

Radicactivity at shutdown (Ci) 

B. Reflector 

Structural material 

Coolant 





Side reflector 
Inside diameter (m) 
Thickness (m) 

Mass of structure (tonnes) 
Mass of coolant (tonnes) 
v/o of structure 

v/o of coolant 

Top reflector 
Thickness (m) 

Mass of structure (tonnes ) 
Mass of coolant (tonnes) 
v/o of structure 

v/o of coolant 

Bottom of reflector (splash plate) 

Thickness (m) 

Mass of structure (tonnes) 
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4/29/81 5/8/81 6/30/81 
0.009 0.009 0.009 
1.38 1.38 1.38 
3.20 3.20 3.20 
0.364 0.364 0.364 
0.862 0.862 0.862 
0.11 0.11 0.11 
? 1520 1520 
? 20 20 
? ? ? | 
HT-9 HT-9 HT-9 
"ei:  Pbgglizz  Pbggliyz 
14.02 14.02 14.02 
0.4 0.4 0.4 
1530 1530 1530 
205 205 205 
90 90 90 
10 10 10 
0.4 0.4 0.4 
432 432 432 
58 58 58 
90 90 90 
10 10 10 
0.4 0.4 0.4 














Mass of coolant (tonnes) 
v/o of structure 
v/o of coolant 
Total mass of structural material in 
reflector/cavity (tonnes) 
Total mass of coolant in reflector/ 
cavity (tonnes) 
n & y energy multiplication 
Average power density (W/cm?) 
Side reflector 
neutron 
gamma 
Top reflector 
neutron 
gamma 
Bottom reflector (splash plate) 
neutron 
gamma 
Peak /average spatial power density 
- in side reflector 
Power deposited in reflector/cavity (MW) 
Side 
Top 
Bottom 
Maximum DPA/FPY 
Side reflector 
Top reflector 
Bottom reflector 
Average DPA/FPY 
Side reflector 
Top reflector 
Bottom reflector 
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4/29/81 5/8/81 6/30/81 
65 65 65 
90 90 90 
10 10 10 
2446 2446 2446 
328 328 328 
0.223 0.223 0.223 
0.941 0.941 0.941 
0.939 0.939 0.939 
0.082 0.082 0.082 
0.857 0.857 0.857 
1.465 1.465 1.465 
0.127 0.127 0.127 
1.338 1.338 1.338 
0.257 0.257 0.257 
0.023 0.023 0.023 
0.234 0.234 0.234 
4.577 4.577 4.577 
318.3 318.3 318.3 
211.1 211.1 211.1 
91.4 91.4 91.4 
15.8 15.8 15.8 
2.43 2.43 2.43 
4.50 4.50 4.50 
1.36 1.36 1.36 
0.41 0.41 0.41 
0.73 0.73 0.73 


0.125 


0.125 


0.125 








Maximum H production in structural 
material (appm/FPY) 
Side reflector 
Top reflector 
Bottom reflector 
Average H production in structural 
material (appm/FPY) 
Side reflector 
Top reflector 
Bottom reflector 
Maximum He production in structural 
material (appm/FPY) 
Side reflector 
Top reflector 
Bottom reflector 
Average He production in structural 
material (appm/FPY) 
Side reflector 
Top reflector 
Bottom reflector 
Tritium breeding ratio 
Dt: 
Side 
Top 
Bottom 
^i 
Side 
Top 
Bottom 
Coolant 
Mass of coolant within reflector per 
cavity (tonnes) 














Flow rate/cavity (kg/hr) 
Inlet temperature (°C) 
Outlet temperature (°C) 


Maximum coolant velocity (m/s) 
Pressure (MPa) 
AP for entire loop (MPa) 

Pumping power deiivered to coolant per 
cavity (MW) 

Maximum structure temperature (°C) 

C. Shield 




















4/29/81 5/8/81 6/30/81 
1.15 1.15 1.15 
2.68 2.68 2.68 
0.026 0.026 0.026 
0.17 0.17 0.17 
0.41 0.41 0.41 
0.004 0.004 0.004 
0.300 0.300 0.300 
0.715 0.715 0.715 
0.006 0.006 0.006 
0.032 0.032 0.032 
0.96 0.96 0.96 
0.006 0.006 0.006 
0.034 0.034 0.034 
0.034 0.034 0.034 
0.022 0.022 0.022 
0.010 0.010 0.010 
0.002 0.002 0.002 
4x 10 4x106 4x 10 
2x10 2x10 2x 10 
2 x 10 2x106 2x10 
0 0 0 


328 


328 


328 





Structural material and v/o 


Coolant and v/o 
Side shield 
Inside diameter (m) 
Thickness (m) 
Top shie!d 
Height above midplane at centerline 
(m) 
Thickness (m) 
Bottom shield 
Height below midplane (m) 
Thickness (m) 
Maximum power density at midplane 
(W/cm?) 
Average power density (W/cm?) 
Power deposited in shield/cavity. (MW) 
Power deposited in neutron & debris 
dump per beam line (MW) 
Energy flux at outer surface of shield 
at midplane (W/cm®) 


neutron 








4/29/81 5/8/81 


6/30/81 


























3.7 x 107 4.4 x 107 4.4 x 107 
330 330 330 

500 500 500 

] ] ] 

2 2 2 

0.7 0.7 0.7 

1 1 l 

550 550 550 
concrete concrete concrete 
95 95 95 

H,0 5 H,0 5 H,0 5 
14.82 14.82 14.82 
3.5 3.5 3.5 

7.41 7.4) 7.41 

3.5 3.5 3.5 
6.40 6.40 6.40 

3.5 3.5 3.5 
0.045 0.045 0.045 
0.0018 0.0018 0.0018 
6.82 6.82 6.82 

? ? ? 
1.52x1072? 1.52x10!  1.52x10?7 





gamma 
Dose rate at outer surface of shield at 
midplane (mrem/hr) 
neutron 
gamma 
Peak DPA rate in F.F. magnet stabilizer 
(DPA/FPY) 
Peak radiation dose rate in F.F. 
insulator magnets (Rad/FPY) 
Peak power density in F.F. magnets 
(W/cm?) 
Coolant 
Inlet temperature (?C) 
Outlet temperature (°C) 
Flow rate per cavity (kg/hr) 
Maximum velocity (m/s) 
Pressure (MPa) 
AP in entire loop (MPa) 
Pumping power delivered to coolant/ 
cavity (MW) 
Peak structure temperature (°C) 





























4/29/81 5/8/81 6/30/81 
2.38x10-10 2.38x10-10 2.38x10-10 
2.64 2.64 2.64 
1.4x1079  1.4x107% — 1.4x107? 
2.64 2.64 2.64 
4.48x10-9 — 4.48x10-0 — 4.48x1079 
7.2 x 106 7.2 x 10 7.2 x 10% 
5.35x107?  5.35x107?  5.35x107? 
45 45 45 

60 60 60 
3.25x100 — 3.6 x 10% 3.6 x 10? 
1 1 

0.5 0.5 0.5 

0.2 0.2 0.2 

1.25 1.4 1.4 

60 60 60 















Steam temperature (?C) 
Steam pressure (MPa) 
Steam flow rate (kg/hr) 
Feedwater temperature (° 
Reheat temperature (°C) 
Steam generator surface 















































































































































A-23 
A-24 — 357 — geg "-— 
A-26 — 
VII. BALANCE OF PLANT 
4/29/81 5/8/81 € 
4/29/81 5/8/81 6/30/81 4/29/81 §/8/81 6/30/8 | 
: 4/29/81 — 5/8/81 6/30/81 ——— ` — — Flow rate for one chamber (kg/hr) 2.] x 108 3.38 x 10% : 
482 482 482 à (# of atoms) 3.44x1020 3.4 20 20 Breeder mass within one chamber (kg) 4.78 x 10% 4.46 x 10% 4 
i Material inserted per shot r ° e x 10 3.4 x 10 . ° 
15.5 15.5 15.5 GC DT power per I (MW) 2000 2000 b. uh m Y T * D, (target injector) - mg/shot .940 1.6 1.6 Total breeder mass for all 
n? otal power recoverable per cavit - . ° ° ° 
ey ew Si? S it Itipli Emm E we (& of atoms) 4.856x1020 4.8 x 1020 4.8 x 10% e 2.83x10% 4.8 x 1020 4.8 x 1020 ers "9 1.91 x 107 1.78 x 107 | 
300 300 300 y s multiplication 1.274 1.274 k à KA Là T - lost from coolant (mg) .877. .88 .88 Inlet temperature (°C) 330 330 K 
482 482 482 Total pumping power delivered to coolant T - target (mg) ` ° ° zu Outlet temperature (°C) 500 500 
q à 4 per cavity (MW) 20 20 (& of atoms) 4.856x1020 4.8 x 10% 4.8 x 10 (# of atoms) 1.76x1020 ` 1.76x1020  1.76x1010 | | E 
area "of 5.2 x 10% 5.2 x 10% 5.2 x 10 20 26.5 He-DT fusion reaction (mg) 942 Breeding ratio 1.25 1.25 1 
Gross power per cavity (MW) 2558.2 2558.2 — 2558 Li - target (a9) un. Wa? š .94 EI * | | 
^ ° 921 21 21 (4 of atoms) 1 41x 1020 1.4 20 20 Steady state tritium concentration 
Gross power per 4 cavities (MW) 10233 10233 10233 (4 of atoms) 2.30x10 2.30x10 2.30x10 RI decay tea) k. ae .4 x 10 à 1.4 x 10 (wppm) TEE e 
— —— th ° e den ll Lx 102 1.3 x 107 éi e e 
Gross v efficiency (X) 42 42 42 Pb - target (mg) 323 __ 55 (# of atoms) 1.9 x 1011 1.9 x 1011 1.9 x 1011 Tritium pressure (Torr € 0°C) 107^ 1074 | 
| | — gent output (MWe) 4298 4298 4298 (4 of atoms) 9.56x10 ` ee? i ep A He-T production (mg) 1.17 1.17 1.17 Weep rate (kg/hr) 
| ecirculatin er (MWe | Bi - ion beam (m 1.0 x 107 1.0 x 107 el x 107 | i 
| — —. E = D (8 of atoms) 3.0 x 1015 3.0 x 1015 3.0 x 101 | (# of atoms) 1.76x10%% — 1.76x10?0 1.76x1020 —— 
Driver system 467 467 375 ° N " He - total (mg) o 
Linac 313 Li - INPORT (9) 79 79 79 | , 2.11 2.11 2.11 | — 4 
| Storage rings ij - - (4 of atoms) 6.85x1024 6.85x102% — 6.85x10?4 | | 9 wo 3.17x10% — 3.17x1020 — 3,171020 Outlet temperature (°C) 
| Ë Bi - ion beam (mg) 1.0 -3 -3 sà Inlet concentration (“ppm 
| — e e * Pb - INPORT (9) 13200 13000 13000 | Hee A Dt, Een 
of atoms) 3.8 x 1025 3.8 x 1025 3.8 x 1025 atoms) 3.0 x 10 3.0 x 1015 3.0 x 1015 Outlet concentration (wppm) 
Final focusing | (4 y i y 4 š 4 Li - not condensed (mg) 0 0 Extraction method In situ In situ I 
Target manufacture and delivery (MW) ? - ` Nonvolatiles (mg) . 1.36 x 10” 1.4 x 10 1.4 x 10 (& of 0 | | 
(# of atoms) 4.52x1025 4.52x102°  4.52x10% —E . 0 0 — — A 
Coolant pumps 160 110 110 ` Pb - not condensed ( Si 
1.36x10% 1.36x10°  1.36x10* m9) y 0 0 — A 
Vacuum pumps 5 Total (mg) 0 FOR e e , 25 (# of atoms) 0 0 Mass of breeding material within 
Plant auxiliaries 40 Total # of atoms amaka wan — Nonvolatiles (mg) 0 a extractor (kg) 
Net plant output (MWe) ? > 3768 D, (target injector) mg/shot . 940 1.6 1.6 lot a 0 0 : ; | — 
= ainan 2.83x1020 4.8 x 1020 4.8 x 1020 atoms ) 0 0 0 % of total breeding material within 
Net plant efficiency (%) ? ? 36.8 , : | i Total (D, T, He, D, Target inj 
| Total D, T, Dp (mg) 2.888 5.6 5.6 KEE al wie 7.39 7.39 — 
(4 of atoms) 7.52x1020 — 1.44x10?! 1.44 x 10% n 2 POr 146x107 1.65x1021 1. 65* 1021 ^ sus ) 
| of shots per chamber per second 5 5 Material composition HT-9 H 
Fractional burnup, fp = Tp/(Tp + Tp) .29 .29 . 29 ó of chambers 3 Wall thi 
Material pumped per shot A 4 4 4 all thickness (mm) 1.0 1 
D - target, unburned (mg) 1.146 1.1 1.1 a! condensibles pump rate/chamber Primary inlet temperature (?C) 330 3 
(& of atoms) 3.44x1020 3.4 x 1020 3.4 x 1020 (9/5) 0 0 0 Primary outlet temperature (°C) 500 5 
T - target, unburned (mg) 1.719 1.7 1.7 Total noncondensibles pump rate/chamber Secondary inlet temperature (°C) 315 3 
(g/s) 3.4 x 1072 .037 -037 Secondary outlet temperature (°C) 490 4 
Cavity pressure (Torr 8 0°C) 1974 10-4 10-4 Secondary pressure (MPa) 15.5 1 
Coolant breeding region Surface area (m°) 5.2 x 107 5 





Breeding material Pbgalij7 Pbo3Li17 PbosLi,; 








/30/81 


.38 x 108 
Ap x 100 


. 78 x 107 


n situ 
xtraction 


Tritium permeation rate to H,0 (Ci/s) 
Tritum inventory - steady state 
Breeding material - 4 cavities 
Reactor chamber - kg 
Reflector - kg 
Cryopumps (2 hr on-line) - kg 
Cryogenic distillation columns (kg) 
Fuel cleanup (kg) 
Structural material and piping (kg) 
Steam generator piping (kg) 
Storage - 3 days fuel supply (kg) 
Total (kg) 
Total (Ci) 
Containment 
Total building volume (m3) 


Volume of reactor & auxiliaries (m3) 


Cleanup volume (m3) 
Containment pressure (Torr @ 0°C) 
Time for tritium cleanup (hr) 


4/29/81 5/8/81 6/30/81 


.011 0.11 0.11 
7.9 x 107^ 7.9 x 1074 7.9 x 1074 
.374 .37 E 

.157 .16 .16 

.042 .042 .042 


12.5 12.5 12.5 
13.08 13.1 13.1 
1.3 x 108 1.3x108 1.3 x 108 
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